A two-step process is developed to synthesize rare earth doped titania nanorods (RE-TiO 2 NRs) as photocatalysts for efficient degradation of lignin under simulated sunlight irradiation. In this approach, protonated titanate nanotubes with layered structures were first prepared by a hydrothermal approach, and rare earth metal ions were subsequently bound to the negatively charged surface of the synthesized titanate via electrostatic incorporation. The as-synthesized RE-TiO 2 NRs after calcination generally showed much higher photocatalytic efficiencies than those of undoped TiO 2 NRs or the commercial P25 
Introduction
Lignin, a complex and recalcitrant phenolic macromolecule, is found in most terrestrial plants at approximately 15 to 40% dry weight. 1, 2 However, this natural macromolecule is resistant to microbial attack and difficult to be degraded biologically due to its complex irregular polymeric structure. 2 In pulp mills and olive mills, lignin separated from lignocellulose is commonly regarded as pulp black liquor (PBL) and olive mill wastewater (OMW). [3] [4] [5] The chlorination process, which is commonly used to reduce the pollution problems in pulp and paper wastewaters, results in the formation of chlorinated byproducts such as polychlorinated biphenyls and chlorophenols. 6 Photocatalytic degradation is a promising method to directly depolymerize non-biodegradable lignin. 7 Lignin is one of the most abundant aromatic polymers on earth, 8 and it is thus of great environmental significance if waste lignin could be converted to renewable chemicals, 2,9 such as aromatic platform compounds 10, 11 and alternative biofuels 12-14 through photocatalytic reactions. To achieve this goal, one of the challenges is to develop highly effective photocatalysts to accelerate depolymerization reactions. Recently, one-dimensional titanium dioxide (1D-TiO 2 ) nanomaterials, 15, 16 such as nanotubes, nanorods and nanowires, have been widely used as photocatalysts 17, 18 owing to their large specific surface area and small dimension effect. However, the catalytic efficiency of pure TiO 2 is relatively low, particularly under visible light irradiation, due to the fast recombination rate of electron-hole pairs in TiO 2 . In order to enhance the interfacial charge-transfer efficiency and utilize a wider spectral range of solar energy, the TiO 2 catalyst has been modified by ion doping 19, 20 and manipulating the nanomaterial composition. 21, 22 Rare earth (RE) ion dopants, such as Ce, 23 La, 24 Er 25 and Pr, 26 have shown unique enhancement effects, resulting from the orbital hybridization of 4f electrons. Positive effects of 4f electron orbital hybridization on the photocatalytic activities of TiO 2 were reported previously. 27, 28 In this research, we developed a two-step process to incorporate RE ions ( Chemical and structural properties of the synthesized nanomaterials were characterized by Raman spectroscopy (Renishaw micro-Raman system with a NIR laser at 785 nm excitation). Morphologies of the nanostructures were observed by using transmission electron microscopes (Hitachi H-7000, Hitachi HD 2000, 200 kV) with Energy Dispersive X-ray Spectroscopy (EDS). Optical absorption spectra were recorded by using a UV-Vis spectrometer (S. I. Photonics 400 with integrating sphere) in reflectance mode, and BaSO 4 was used as the diffuse reflectance material. Optical upconversion properties were analysed with a fluorescence spectrometer (Jobin-Yvon-SPEX Instruments, New Jersey) using a 980 nm laser as the excitation source. Surface charge densities of the as-synthesized 1D nanomaterials were evaluated by zeta (ζ) potential measurements in aqueous suspensions with a dynamic light scattering instrument (Brookhaven 90plus/BI-MAS). The surface area was measured by the BET method using a surface area analyzer (Micromeritics, Gemini VII 2390).
Determination of photocatalytic activity
The photocatalytic activities of the undoped and RE-doped 
Results and discussion

Formation and characterization of RE-doped TiO 2 nanorods
A two-step procedure was developed to synthesize the RE-TiO 2 NRs.
Step 1 is to prepare 1D titanate nanotubes with layered structures. The layered sodium titanate in the form of hollow nanotubes was obtained by concentrated alkali hydrothermal treatment of titania. In step 2, RE ions were incorporated into the layered nanostructures of titanate nanotubes. For RE incorporation in TiO 2 , the incipient impregnation and solvothermal doping method is known to cause precipitation and aggregation of RE ions. Here, the titanate nanotubes were treated with dilute hydrochloric acid for exchanging sodium ions with protons, and RE ions were thus homogeneously bound to the negatively charged surface of the nanotubes via electrostatic interactions. TEM images of the synthesized 1D nanomaterials are shown in Fig. 1 . The protonated titanate nanotubes showed a layered structure and the selected area electron diffraction (SAED) pattern ( Fig. 1a and inset) indicated their poor crystallinity, which is consistent with XRD patterns (Fig. S1a † Fig. S2 , † though the RE-O bonds were not detected by Raman spectra. However, EDS results could not reveal whether the RE ions were chemically bonded into the TiO 2 lattice. In order to verify this, we measured upconversion fluorescence of Er and Yb co-doped TiO 2 NRs synthesized by using the same procedure, because the upconversion fluorescence derives from the high levels of homogeneously distributed doping in the host lattice and the avoidance of radiationless electronic decay pathways for the excited RE dopant ions. 41 With excitation at 980 nm, emission was clearly observed at 524, 553 and 660 nm for the Er and Yb codoped TiO 2 NRs, which confirmed that the RE ions were chemically incorporated into the lattice of TiO 2 (Fig. S3 †) .
Reflectance spectra of the RE-TiO 2 NRs were investigated in the spectral range of 350-800 nm, as shown in Fig. 3 and S4. † We observed that the TiO 2 NRs had no absorption in the visible light region because of their relatively high bandgap energy, while the RE-TiO 2 NRs caused a red shift, especially for the Ce-and Tb-doped TiO 2 NRs. The absorption spectra of the Pr, Sm, Eu, or Er doped NRs were observed between spectra of the La-TiO 2 and the Tb-TiO 2 .
Bandgap energies of the undoped TiO 2 and the RE doped TiO 2 were estimated according to the reflectance spectra. The bandgaps of RE doped TiO 2 NRs were narrow compared with that of the undoped TiO 2 NRs, as shown in Table 2 . These results are in agreement with the literature report on RE ion doped 3D TiO 2 . 27, 42, 43 The presence of RE ions (4f electrons) in the TiO 2 matrix induced the RE impurity energy level between the O 2p orbital and Ti 3d orbital, which narrowed the charge transfer band. 44 
Evaluation of photocatalytic efficiency
We used methyl orange (Fig. S6a †) , a representative azo dye, as a model pollutant to evaluate the photocatalytic efficiencies of the synthesized RE-TiO 2 NRs. As shown in Fig. 4 , the RE-TiO 2 NRs calcined at 833 K showed the highest photocatalytic activity. Because the RE-TiO 2 NRs treated at 833 K have a higher crystallinity than those calcined at lower temperatures, these results indicate that the crystallinity of Ti-based 1D catalysts is one of the key factors affecting the photocatalytic performance. Control experiments showed that there was no degradation of MO in the absence of photocatalysts (Fig. S5 †) . Commercial P25 TiO 2 was commonly used as a standard photocatalyst for estimating the photocatalytic activities of aromatic molecules. 48, 49 Here the kinetic processes of degradation of MO were also compared in the presence of the photocatalysts P25 TiO 2 and RE-TiO 2 NRs by presenting −ln(C/C 0 ) vs. t plots in a Bandgap energies were calculated based on Kubelka-Munk theory.
The detailed computational process is described in the ESI. 47 The linear relationship at the initial stage of photocatalytic degradation of MO suggested conformity with first order kinetics. 
Photocatalytic degradation of lignin
As a recalcitrant phenolic macromolecule, lignin (Fig. S6b and  c †) is resistant to be degraded in natural environments, due to its highly irregular polymeric structure. 2 As shown in Fig. S7 , † lignin is hard to be degraded under UV-Vis light irradiation without catalysts. The photochemical reaction of lignin is a slow and complex process. 51, 52 In our experiments, photocatalytic degradation of lignin was studied at 100 mg L −1 at pH 7.0 in the presence of RETiO 2 NRs in solution. UV-Vis absorption spectra and IR spectra are usually employed to evaluate the decay process of water soluble lignin. 52 The photodegradation process of lignin with Sm-TiO 2 under simulated sunlight irradiation is illustrated in Fig. 6 . UV absorption peaks of lignin were observed at 279 nm (∼100 kcal mol −1 ) and 201 nm (∼140 kcal mol −1 ). The strong absorption at 201 nm is assigned to the π → π* electronic transition of aromatics. 53 Absorption at 279 nm is attributed to the hydroxyl groups or etherified hydroxyl groups in lignin units, which is assigned to n → π* electronic transitions. The symbol "n" is non-bonding electrons, which correspond to the lone electron pairs of the -O-ether bond and the -OH hydroxy bond.
In the absence of the catalyst, there is little degradation of aromatics, as indicated by the UV absorption peak at 201 nm (Fig. 7) . The absorption peak at 279 nm, representing oxygenated groups of lignin, did not show any noticeable changes , respectively. either (Fig. 8) . This is attributed to the stability of the conjugated aryl groups and oxygenated structures, such as the hydroxyl group and the methoxy group in lignin monomers, 54 which are hard to break down.
The absorption peak at 201 nm decreased consistently over time using the synthesized RE-TiO 2 NRs as the photocatalyst. However, with the Pr 3+ , Ce 3+ , and Eu 3+ ion doped TiO 2 NRs as photocatalysts, we found that the peak value at 279 nm first increased and then decreased over time (Fig. 8) . This observation is similar to that found in the degradation of lignin dimer model compounds. 55 The NRs were used. The initial increase in UV absorbance at 279 nm was generated from the decay of oxygen bonds (e.g. phenolic hydroxyl groups, phenolic methoxyl groups and alkyl-aryl ether bonds). These results pointed out that there were two photocatalytic degradation routes of lignin over different RE doped TiO 2 nanocatalysts. FTIR spectroscopy was used to investigate the functional groups or chemical bonds of lignin. 56, 57 The most representative vibrational bands and their assignment in the spectral range of 1600-1200 cm −1 ( Fig. 9 and 10 ) are summarized in Table S1 . † The bands at 1596 and 1504 cm −1 are due to CvC stretching of the aromatic skeletal vibrations. [58] [59] [60] The bands at 1464 and 1425 cm −1 are assigned to C-H deformations in methyl, methylene and methoxyl groups in lignin. 58, 61 The bands between 1270 and 1200 cm −1 are due to C-O and C-O-C stretching in lignin. 62 Significant spectral changes can be observed in the fingerprint region during photocatalytic reactions for all samples. The degradation of lignin was reflected NTs. This observation is important in controlling the depolymerization of lignin with the possibility to convert it into value-added chemicals, although additional studies will be needed to better understand the mechanism of lignin depolymerization. RE ions modified 1D nanorods showed better photocatalytic activities, likely due to the effects of decreased surface defects and increased electron-hole recombination. We thus propose the following reaction schemes (eqn (1)- (6)): under photo-irradiation, the excited electrons and holes diffuse to the surface (eqn (1)) and react with surface species. With RE ions doped TiO 2 NRs, the surface charge became more positive, resulting in more OH − ions adsorbed on the surface for charge balance. 27 The adsorbed OH − ions accept holes to form hydroxyl radicals ( • OH) [63] [64] [65] [66] (eqn (3)). The hole sites attack the adsorbed lignin molecules directly (eqn (2)), while • OH radicals attack the conjugated oxygenated structure (eqn (4)) to form lignin fragments. Subsequently the lignin fragments react with the active sites, such as holes and • OH radicals (eqn (5) and (6)). For this reason, more absorption sites of n → π* are formed at the initial stage due to • OH attack, as shown with the commercial P25 TiO 2 catalyst (Fig. 8) 
